Human immunodeficiency virus type 1 (HIV-1) particle formation and the subsequent initiation of proteasemediated maturation occur predominantly on the plasma membrane. However, the mechanism by which HIV-1 assembly is targeted specifically to the plasma membrane versus intracellular membranes is largely unknown. Previously, we observed that mutations between residues 84 and 88 of the matrix (MA) domain of HIV-1 Gag cause a retargeting of virus particle formation to an intracellular site. In this study, we demonstrate that the mutant virus assembly occurs in the Golgi or in post-Golgi vesicles. These particles undergo core condensation in a protease-dependent manner, indicating that virus maturation can occur not only on the plasma membrane but also in the Golgi or post-Golgi vesicles. The intracellular assembly of mutant particles is dependent on Gag myristylation but is not influenced by p6
Assembly of type C retroviruses and lentiviruses takes place predominantly at the plasma membrane of infected cells. This process involves multiple steps mediated by the viral Gag proteins, which are both necessary and sufficient for the assembly and release of noninfectious, immature virus-like particles (VLPs). Retroviral Gag proteins are synthesized as polyprotein precursors; in the case of human immunodeficiency virus type 1 (HIV-1), the Gag precursor, Pr55
Gag , is composed of matrix (MA), capsid (CA), nucleocapsid (NC), and p6 domains as well as p2 and p1 spacer peptides (reviewed in reference 12). During or immediately after virus particle release, Pr55
Gag is cleaved by the viral protease (PR) to generate the mature Gag proteins p17 (MA), p24 (CA), p7 (NC), and p6. The processing of Pr55
Gag causes a major transformation in virion morphology; this process, known as maturation, gives rise to virions with condensed, conical cores characteristic of infectious HIV-1 virions.
MA plays a key role in several steps in virus replication, including the binding of Pr55
Gag to membrane, the incorporation of Env glycoproteins into budding virions, and early, postentry events. The covalent attachment of myristate to the N terminus of the MA domain of Pr55
Gag is crucial for the binding of Gag to membrane and is thus required for virus assembly (4, 18, 23, 51) . A highly basic region spanning MA residues 17 to 31 has also been implicated in Gag membrane binding. Structural studies of HIV-1 MA (28, 42) and MA of other retroviruses (for a review, see reference 8) have suggested that basic amino acids in the highly basic domain and at more C-terminal positions form a positively charged surface that may facilitate binding of Gag to membrane by promoting an electrostatic interaction with acidic phospholipids in the inner leaflet of the membrane (42, 70) . In support of this hypothesis, in vitro membrane binding assays demonstrated that the N-terminal 31 amino acids of MA could confer membrane binding ability upon otherwise soluble proteins (70) . We observed recently that mutation of a nonbasic residue within the basic domain increased the binding of Gag to membrane (33, 34, 45) . However, an 11-amino-acid deletion in the MA basic domain was shown to have no impact on virus particle production (68) or the binding of MA to membrane (61) . Moreover, deletion of large portions of MA, including the basic domain, did not significantly impair virus assembly and release (36, 54, 63, 64) .
In addition to membrane binding, MA has been implicated in the targeting of virus assembly. Large deletions in HIV-1 MA cause either promiscuous virus assembly both on the plasma membrane and at intracellular sites (36, 54, 63) or a redirection of assembly to intracellular locations (11, 17) . Small deletions and amino acid substitutions in MA can also cause defects in virus production by inducing intracellular accumulation of Gag (69) or retargeted VLP assembly (5, 16) . Interestingly, some of these mutations involved basic amino acids within (69) or C terminal to (5) the highly basic domain. The relationship between Gag targeting and Gag membrane binding for these mutants was not determined. Intracellular VLPs observed in cells expressing large HIV-1 MA deletion mutants displayed an immature morphology by electron mi-croscopy (EM) (11, 17, 54) . Conversely, redirection of intracisternal A-type particles from the endoplasmic reticulum (ER) to the plasma membrane reportedly induced both Gag processing and particle maturation (65) . These observations led to the hypothesis that retroviral Gag processing and/or virus particle maturation can occur only at the plasma membrane. A role for MA in the targeting of virus assembly is also suggested by studies in other retroviral systems. Redirection of murine leukemia virus Gag proteins from the plasma membrane to intracellular compartments was observed for several mutants (27, 31, 60) , including some with amino acid substitutions in the highly basic domain of murine leukemia virus MA (60) . In the case of the type D Mason-Pfizer monkey virus, it was demonstrated that a single amino acid substitution in a cytoplasmic targeting/retention signal redirects virus assembly from the cytosol to the plasma membrane (7, 56) .
In an effort to characterize the role of MA in HIV-1 replication and to map functional domains within this protein, we have previously used site-directed mutagenesis to introduce over 80 single and double amino acid substitutions in MA and have analyzed the effects on a variety of aspects of the virus life cycle (for a review, see reference 12). Most of the mutants showed wild-type (WT) levels of virus assembly and release, but substantial defects in virus production were caused by mutations in several domains. For example, mutations between MA amino acids 84 and 88 caused a reduction in extracellular virus release due to retargeting of virus assembly to an intracellular compartment (16) . MA amino acids 84 to 88 are located within a central buried helix within the globular core of the protein (42) . In clear contrast to the phenotype observed for large MA deletion mutants (11, 17, 54) , the VLPs which assembled intracellularly contained condensed cores (16) . The defective phenotype of one of these mutants was reversed by second-site compensatory changes in MA which arose naturally in infected T-cell line cultures (46) . Interestingly, one such second-site mutation was located within the highly basic domain, suggesting a functional relationship between the basic domain and amino acids 84 to 88. Consistent with this interpretation, we have observed that single and double amino acid substitutions in the basic domain caused reductions in extracellular virus production (13) .
To understand further the mechanism by which virus formation is targeted to the plasma membrane, we performed a detailed study of MA mutants with amino acid changes in the highly basic domain and between residues 84 and 88. We focused on three aspects of targeting: (i) the connection between virus maturation and the site of assembly, (ii) the nature of the targeting signal in MA, and (iii) the relationship between Gag targeting and membrane binding. EM and confocal microscopy data demonstrate that Gag processing and virus maturation can occur not only on the plasma membrane but also in the Golgi or Golgi-derived vesicles. We provide evidence that the basic domain functions as a plasma membrane targeting signal independent of its potential involvement in Gag membrane binding. Furthermore, we show that the plasma membrane targeting signal can be provided to mutant Gag proteins in trans by coexpression with WT Gag.
MATERIALS AND METHODS
Cell culture and transfection. HeLa cells were maintained as previously described (14) . Transfection of HeLa cells was performed by the calcium phosphate precipitation method as reported previously (16) .
Plasmids, mutagenesis, and DNA cloning. Construction of derivatives of the HIV-1 proviral molecular clone pNL4-3 (1) containing MA amino acid changes 1GA, 85YG, and 87VE, as well as the double mutation 29KT/31KT, has been described previously (13, 16) . The pNL4-3 derivatives pNL4-3/PR Ϫ , which contains a protease (PR) active site mutation (Asp3Asn change at PR amino acid 25) , and pNL4-3/p6 Ϫ , which contains a stop codon at p6 amino acid 1, have been described previously (30) . The pNL4-3 derivative pNL4-3/KFS has been reported previously (15) ; this clone contains a frameshift mutation at nucleotide (nt) 6343, which eliminates Env expression. Double mutations 1GA/85YG, 18IK/20LK, 18IE/20LE, and 29KE/31KE were introduced into pNL4-3 by oligonucleotide-directed mutagenesis using methods detailed previously (16) . Molecular clones expressing Pr55
Gag tagged with hemagglutinin (HA) or FLAG epitopes (pNL4-3-55HA and pNL4-3-55FLAG, respectively) were constructed as follows. (i) A molecular clone (pNL4-3/55X) was made by substituting the Pr55
Gag stop codon with a sequence encoding the XbaI restriction site. This was accomplished by oligonucleotide-directed mutagenesis with an M13mp18 subclone harboring the 1.4-kbp SphI-PstI fragment from pNL4-3 (nt 1443 to 2839) as a template and oligonucleotide 5Ј-GTCACAATC TAGATAGGG-3Ј. (ii) Short oligonucleotide duplexes (for HA, 5Ј-CTAGCTA CCCATACGATGTTCCAGATTACGCTTAG-3Ј hybridized to 5Ј-CTAGCTA AGCGTAATCTGGAACATCGTATGGGTAG-3Ј; for FLAG, 5Ј-CTAGCGA TTATAAAGACGATGACGACAAGTAG-3Ј hybridized to 5Ј-CTAGCTACTT GTCGTCATCGTCTTTATAATCG-3Ј) encoding the HA (YPYDVPDYA) and FLAG (DYKDDDDK) epitope sequences, respectively, followed by stop codons, were inserted into the XbaI site of pNL4-3/55X. These insertions also introduce stop codons in the pol coding region so that no pol-encoded viral enzymes are expressed. PR Ϫ , p6 Ϫ , 55HA, and 55FLAG versions of MA mutant molecular clones were constructed by introducing the SphI-EcoRI fragments (nt 1443 to 5743) from pNL4-3/PR
Ϫ , pNL4-3-55HA, and pNL4-3-55FLAG, respectively, into MA mutant pNL4-3 derivatives.
Antibodies and reagents. (16) . Preparation of cell lysates, pelleting of virions in the ultracentrifuge, and immunoprecipitation of cell-and virion-associated proteins with AIDS patient sera have been detailed previously (16, 66) . Cell and virion lysates prepared from nonlabeled, transfected HeLa cells were analyzed by Western blotting as previously described (33) .
Membrane binding assay. Equilibrium flotation centrifugation was performed as detailed previously (45) . Briefly, HeLa cells were collected in phosphatebuffered saline (PBS), washed once with 10 mM Tris-HCl (pH 7.5) containing 1 mM EDTA and 1 mM EGTA, and resuspended in 10 mM Tris-HCl containing 1 mM EDTA, 6% (wt/vol) sucrose, and Complete protease inhibitor cocktail. Postnuclear supernatants obtained after sonication of cell suspensions were mixed with 85.5% (wt/vol) sucrose in Tris-EDTA (TE) and placed on the bottom of a centrifuge tube. On top of this postnuclear supernatant-containing 73% (wt/vol) sucrose mixture was layered TE containing 65% (wt/vol) sucrose and 10% (wt/vol) sucrose, respectively. The gradients were centrifuged at 100,000 ϫ g for 18 h at 4°C in a Beckman SW41 rotor. Ten fractions were collected from the top of the centrifuge tube. Fractionated samples were analyzed by Western blotting as previously described (33) . Quantitation of Western blotting data was performed by densitometry scanning.
EM. Fixation of cells, preparation of samples and EM were performed as described previously (16) .
Fluorescent staining and confocal microscopy. Fluorescent staining of transfected HeLa cells with antibodies and lectins was performed as described previously (47), with some modifications. Briefly, cells were grown in chamber slides (Nunc) and transfected by the calcium phosphate precipitation method as described above but without glycerol shock. Twenty-four hours later, cells were washed once with Dulbecco modified Eagle medium supplemented with 5% fetal bovine serum. After another 24 h, cells were rinsed once with PBS and fixed with 3.7% formaldehyde in 100 mM sodium phosphate buffer (pH 7.2) for 20 min at room temperature (r.t.) (all the procedures were carried out at r.t. unless otherwise noted). After being washed four times with PBS, cells were permeabilized either with PBS containing 0.1% Triton X-100 for 2 min at r.t. followed by washing with PBS three times or with methanol for 4 min at Ϫ20°C followed by air drying. Subsequently, cells were incubated with 0.1 M glycine in PBS for 10 min and blocked with 3% bovine serum albumin in PBS (BSA-PBS) for 30 min. Cells were then incubated with primary antibodies diluted appropriately in BSA-PBS for 1 h, washed with PBS three times, and incubated with secondary anti-bodies appropriately diluted in BSA-PBS for 30 min. For double staining with FITC-conjugated lectins, after removal of antibody solution by washing with PBS three times, cells were incubated with respective lectins diluted appropriately in PBS for 30 min. After being washed with PBS three times, cells were mounted with Fluoromount G (Virotech International, Rockville, Md.) and examined with a Zeiss LSM410 laser scanning microscope.
RESULTS
Mutations between HIV-1 MA amino acids 84 and 88 redirect assembly and PR-mediated maturation to intracellular vesicles. To determine whether the core condensation observed within intracellularly assembled VLPs produced by Gag mutants containing substitutions between MA amino acids 84 and 88 (16) was the result of HIV-1 PR activity, we constructed double mutants containing either the 85YG or the 87VE substitution and an inactivating mutation in the PR active site (PR Ϫ ). As determined previously with this PR mutation (30, 33, 45) , immunoprecipitation analysis confirmed that the processing of Gag expressed by the pNL4-3/85YG/PR Ϫ and pNL4-3/87VE/PR Ϫ clones was blocked (data not shown). HeLa cells transfected with pNL4-3, pNL4-3/85YG, pNL4-3/87VE, pNL4-3/85YG/PR Ϫ , and pNL4-3/87VE/PR Ϫ were examined by EM. pNL4-3-transfected cells showed particles budding exclusively from the plasma membrane; many of these particles contained condensed cores (Fig. 1A) . Cells expressing the 85YG and 87VE mutants contained numerous intracytoplasmic VLPs, many of which contained condensed cores (Fig.  1B) ; similar data were obtained for both 85YG and 87VE mutants (16; data not shown). In the absence of an active PR (i.e., in cells transfected with pNL4-3/85YG/PR Ϫ and pNL4-3/87VE/PR Ϫ ) we detected budding structures and immature VLPs but no particles with condensed cores (Fig. 1C ; data not shown). These results indicate that core condensation resulting from PR activity can occur at an intracellular site.
Intracellular assembly, budding, and maturation of mutant virions require Gag myristylation but are independent of Env and p6. A mutation in Mason-Pfizer monkey virus Gag that blocks myristylation (and hence membrane binding) does not affect assembly itself, but rather prevents assembled capsids from migrating from the cytosol to the plasma membrane (55) . The HIV-1 MA mutants with changes between amino acids 84 and 88 analyzed here show clear evidence of membrane association; however, it is uncertain whether membrane binding is critical to the observed intracellular assembly. To examine this issue, we constructed a double mutant which has, in addition to the 85YG mutation, a Gly3Ala change at MA amino acid 1 (1GA) (16) . This mutation abolishes Pr55
Gag myristylation and severely impairs Gag membrane binding (4, 45, 61, 71) . In the presence of the 1GA mutation, no discernible particles were observed, suggesting that assembly of the MA mutants with changes between amino acids 84 and 88 is dependent upon Gag membrane binding.
Interaction between Env and Gag proteins is thought to play a role in the ER-directed assembly and budding of the spumaretroviruses (19, 20) , and in several other retroviral systems, including HIV-1, Env directs virus budding to the basolateral surface of polarized epithelial cells (39, 40, 49) . To explore the possibility that Env may play a role in the intracellular budding of the MA mutants under study here, we introduced the 85YG mutation into the env-minus HIV-1 molecular clone pNL4-3KFS (15) . EM analysis of HeLa cells transfected with this molecular clone showed that the absence of Env did not affect the intracellular assembly, budding, or subsequent core condensation observed with the Env-expressing pNL4-3/85YG clone (compare Fig. 1B and D) . Thus, in this system, the Env glycoprotein is not involved in the retargeting of virus assembly.
The HIV-1 p6 Gag protein functions late in the assembly process by stimulating particle release from virus-expressing cells (22, 30) ; in some systems, introduction of a stop codon at p6 amino acid 1 (p6 Ϫ ) causes an accumulation of immature particles at the plasma membrane and a nearly complete block of virus release (22, 30) . To investigate whether p6 deletion might likewise result in the accumulation of immature VLPs at intracellular membranes, we constructed an 85YG/p6
Ϫ double mutant and examined its assembly, budding, and maturation properties by EM. Interestingly, p6 mutation did not affect the 85YG phenotype (Fig. 1E) , suggesting that neither the apparent release of 85YG particles into intracellular vesicles nor the maturation of these particles requires a functional p6.
The 85YG MA mutation redirects assembly to the Golgi complex and/or Golgi-derived vesicles but not to the ER. To identify the intracellular site to which VLP assembly is redirected, we used confocal microscopy to examine pNL4-3-and pNL4-3/85YG-transfected HeLa cells stained with several organelle markers as well as anti-Gag antibodies. Gag was detected with two anti-MA monoclonal antibodies. One recognizes the mature p17 (MA) but not the MA domain of the unprocessed Gag precursor Pr55
Gag (anti-p17) (71; A. Ono and E. O. Freed, unpublished results); this antibody allowed us to specifically detect mature MA generated upon PR-mediated Gag cleavage. The second antibody recognizes both mature p17 and the MA domain of Pr55
Gag (anti-p17/55). When singly stained with anti-p17 antibody, WT-transfected HeLa cells showed a punctate staining pattern on the cell surface, whereas in 85YG-transfected cells we observed an accumulation of punctate signal in the perinuclear region ( Fig. 2A and B) . As expected, cells transfected with pNL4-3/PR Ϫ showed no signal (data not shown), since the anti-p17 antibody does not bind unprocessed Gag. When stained with the anti-p17/55 antibody, WT Gag showed a diffuse cytoplasmic signal in addition to the surface punctate pattern; 85YG also showed a diffuse cytoplasmic staining superimposed on the perinuclear localization pattern ( Fig. 2C and D) . The hazy staining may represent cytosolic Gag not associated with membrane. Using the anti-p17/55 antibody, cells transfected with the PR Ϫ and 85YG/PR Ϫ clones displayed a staining pattern similar to those of WT pNL4-3 and pNL4-3/85YG, respectively (data not shown).
The perinuclear staining of 85YG Gag evident with the anti-p17 antibody colocalized neither with calreticulin ( Fig. 2E  and F) , which is an ER luminal protein (35, 44) , nor with Rab1B (data not shown), which localizes to the cytoplasmic surface of the ER/cis-Golgi intermediate compartment and/or cis-Golgi (25, 52, 58) . In contrast, 85YG p17 (MA) staining substantially colocalized with the region stained by fluorosceinlabeled RCA60 (Fig. 2G and H) and WGA (Fig. 2I to K) . RCA60 and WGA have been used as medial/trans-and transGolgi markers, respectively (9, 21, 24, 26, 62, 67) . These results suggest that VLP assembly of the 85YG mutant is retargeted to the medial Golgi, trans-Golgi, and/or post-Golgi vesicles but not to the ER. Together with the EM results, these observations indicate that core condensation triggered by PR-mediated Gag processing can occur in the Golgi as well as at the plasma membrane.
Highly basic region of MA is functionally related to the domain of MA spanning amino acids 84 to 88. In a previous report, we observed that one of the mutants with a single amino acid change between MA amino acids 84 and 88 (86CS) reverted in culture (46) . A second-site, compensatory mutation (27QK) was identified in the highly basic domain of MA. These findings prompted us to examine the possibility that the highly basic domain and the MA domain spanning amino acids 84 to 88 might be functionally related. We characterized several basic domain mutants for virus production, Gag localization, and membrane binding. To assess the impact of changes in the basic domain, we introduced double amino acid mutations that altered the charge of this region. Thus, neutral-to-basic (18IK/ 20LK), neutral-to-acidic (18IE/20LE), basic-to-neutral (29KT/ 31KT), and basic-to-acidic (29KE/31KE) substitutions were introduced. One of these mutants (29KT/31KT) was previously shown to cause a threefold reduction in virus particle production (13) . HeLa cells were transfected with pNL4-3 or the basic domain mutants and were metabolically labeled. Cell-and virion-associated material was immunoprecipitated with AIDS patient sera and subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis followed by autoradiography (Fig. 3) . The basic domain changes all caused a decrease in virus particle production, although the severity of this defect varied widely among the mutants. When normalized for cellassociated gp120, the amount of virion-associated p24 released from cells transfected with 18IK/20LK, 18IE/20LE, 29KT/ 31KT, and 29KE/31KE mutants was 72, 14, 37, and 7% of the WT amount, respectively. Similar effects on virus release were also observed by measuring the production of virion-associated gp120, p66 (RT), or p32 (IN) (data not shown). Levels of cell-associated Pr55
Gag detected by immunoprecipitation were significantly reduced by several of the basic domain mutations. This latter observation could be the result of several factors: (i) reduced immunoreactivity previously described for amino acid 20 substitutions (33) and for other MA mutants (6, 10), (ii) Pr55
Gag instability, and (iii) increased rate of Pr55 Gag processing, also observed previously for residue 20 mutants (33, 34) . All of these factors may be operative, since Western blotting revealed less of a reduction in Pr55
Gag levels than did the immunoprecipitation analysis; these differences were particularly small but were still present in the absence of a functional PR (data not shown).
HeLa cells transfected with the basic domain mutants were also analyzed by confocal microscopy following immunostaining with the anti-p17 antibody. All four double mutants exhibited substantial amounts of perinuclear staining (Fig. 4) ; the extent of Gag relocalization correlated with the severity of the defect in assembly or release (Fig. 3) . Consistent with these confocal microscopy data, EM analysis of HeLa cells transfected with these mutants showed virus budding into intracellular vesicles (Fig. 1F and G) . These results demonstrate that, as observed for mutations between MA residues 84 and 88, alteration of the highly basic domain causes retargeting of Gag to intracellular compartments. Costaining for Gag and cellular markers was performed by confocal microscopy, as described above for 85YG. Again, mutant Gag colocalized with Golgi and post-Golgi markers, but not with the ER-specific calreticulin (data not shown).
Retargeting of virus assembly is not caused by altered Gag membrane binding. It is possible that an increased affinity for membrane might induce a promiscuous binding of Gag to intracellular membranes, and, as a consequence, a retargeting of virus assembly. To investigate this possibility, we measured the membrane binding ability of 85YG Gag by equilibrium flotation centrifugation. This technique separates membranebound Gag from non-membrane-bound Gag complexes, and thus represents a significant improvement over traditional cell fractionation approaches. We focused on Pr55
Gag membrane binding by utilizing PR Ϫ constructs. HeLa cells transfected with pNL4-3/PR Ϫ and pNL4-3/85YG/PR Ϫ were sonicated, and postnuclear supernatants of cell homogenates were subjected to equilibrium flotation centrifugation. Membrane-bound material was recovered in fractions 3 and 4, whereas non-membrane-bound Gag remained in the bottom two fractions (45) . Consistent with previous studies performed with HeLa cells (45, 50) , approximately 40% of WT Pr55
Gag was recovered in the membrane-bound fraction (Fig. 5A) . The nonmyristylated, 1GA mutant displayed an almost complete block in membrane binding (Fig. 5B) . 85YG mutant Pr55
Gag showed a behavior essentially identical to that of the WT (Fig. 5A) , suggesting that the 85YG mutation does not alter Gag binding to membrane. We emphasize that this assay does not distinguish between plasma and intracellular membrane binding.
We performed similar equilibrium flotation centrifugation assays to determine the membrane binding properties of the basic domain mutants (Fig. 5B) . The two mutants with changes at residues 18 and 20 showed an increased percentage of membrane-bound Pr55
Gag relative to WT (18IK/20LK, 76%; 18IE/ 20LE, 56%). In contrast, the two mutants with changes at residues 29 and 31 showed either unchanged (29KT/31KT, 45%) or decreased (29KE/31KE, 23%) membrane binding relative to that of the WT. These results suggest that, as with the 85YG mutation, the retargeting of assembly observed with the basic domain mutants does not correlate with altered membrane binding.
Targeting defect imposed by 29KE/31KE and 85YG mutants can be reversed by coexpression with WT but not by coexpression with each other. To understand further the nature of the targeting signal affected by the 85YG and basic domain mutants, we asked whether WT Pr55
Gag could rescue mutant Gag into extracellular particles by providing a plasma membrane targeting signal in trans. To distinguish WT from mutant Pr55
Gag , we constructed molecular clones which express Pr55
Gag containing either HA or FLAG C-terminal epitope tags. HeLa cells were cotransfected with various combinations of clones expressing tagged versions of WT and MA mutant Gag. Cell and virion lysates were analyzed by Western blotting with rabbit anti-HA or anti-FLAG antiserum. Consistent with our observations using untagged Pr55
Gag , 85YG Gag tagged with the HA or FLAG epitope produced virion-associated material from transfected HeLa cells with an efficiency that was markedly reduced relative to that of HA-or FLAG-tagged WT Gag (Fig. 6, compare lanes 13 and 14 or lanes 16 and 17) . When HA-tagged 85YG Gag was coexpressed with FLAGtagged WT Gag, the amount of released 85YG Gag increased substantially (Fig. 6, compare lanes 22 and 14) . Similar results were obtained when FLAG-tagged 85YG and HA-tagged WT Gag were coexpressed (Fig. 6, compare lanes 19 and 17) . Similarly, the release of 29KE/31KE Gag was also increased when it was coexpressed with WT Gag (Fig. 6, compare lanes  15 and 23 or lanes 18 and 20) . These results indicate that 85YG and 29KE/31KE mutant Pr55
Gag proteins can be rescued into virions by coexpression with WT Gag and imply that a plasma membrane targeting signal can be provided to 85YG and 29KE/31KE Gag by oligomerization with WT Gag.
The ability of a basic domain substitution (27QK) to reverse the phenotype of a mutation between MA residues 84 and 88 (86CS) (46) suggests that these two domains are in the same functional complementation group. To test this hypothesis, we coexpressed 85YG and 29KE/31KE Gag proteins tagged with either the HA or the FLAG epitope and the release of both Gag species was monitored as above. The results indicated that cells coexpressing 85YG and 29KE/31KE Gag showed no increase in virus-associated Gag release (Fig. 6, lanes 21 and 24) compared with singly expressing cells (Fig. 6, lanes 14, 15, 17 , and 18). Thus, both 85YG and 29KE/31KE changes may alter the same targeting signal.
DISCUSSION
We previously demonstrated that HIV-1 particle assembly can be retargeted from the plasma membrane to an intracellular site by introducing single amino acid changes between MA amino acids 84 and 88 (16) (Fig. 1) . Interestingly, these particles appeared to have a mature-particle-like morphology with a condensed core. In this report, we further characterize the intracellular particles by demonstrating that the core condensation in intracellular mutant virus particles is driven by the viral PR (Fig. 1) . Confocal microscopy utilizing a monoclonal antibody which specifically recognizes the p17 (MA) Gag cleavage product indicates that the mutant MA colocalizes with Golgi or post-Golgi markers but not with the ER marker   FIG. 2 . Accumulation of processed mutant Gag in the Golgi and/or post-Golgi vesicles. HeLa cells were transfected with WT pNL4-3 (A and C) or with pNL4-3/85YG (B, D, and E through J) and fixed 2 days posttransfection. After permeabilization, cells were stained with either mouse monoclonal anti-p17 antibody (A and B) or mouse monoclonal anti-p17/55 antibody (C and D) or costained with mouse monoclonal anti-p17 antibody (E, G, and I) and organelle marker rabbit anti-calreticulin antibody (F), RCA60 (H), or WGA (J) and analyzed by confocal microscopy. The same fields are shown for panels E and F, G and H, and I and J. In panels G and H, some vesicles which show double staining for both p17 (MA) and RCA60 are indicated with arrows. Panel I shows 85YG p17 (MA) staining in red and panel J shows WGA staining in green. An overlay of the p17 (MA) and Golgi staining is presented in Panel K; red (MA) and green (Golgi) overlap is visualized as yellow.
calreticulin (Fig. 2) . Since the majority of HIV-1 PR activity is associated with Pr55
Gag assembly and particle release (32), these results suggest that these MA mutants undergo VLP formation and subsequent PR-mediated maturation in the Golgi or post-Golgi vesicles but not in the ER. It was reported previously that deletion of MA amino acids 16 to 99 caused intracellular budding of mutant virus in the ER; in contrast to that of our mutants (Fig. 1) , the morphology of these virus particles was exclusively immature (11) . Collectively, these results suggest that PR-mediated maturation of HIV-1 can occur not only at the plasma membrane but also in Golgi or postGolgi compartments but that perhaps it cannot take place in the ER. However, we cannot exclude the possibility that the differences in maturation observed between these studies might relate to the use of different mutants and cell types. It has been demonstrated that elimination of p6 or mutation of the Pro-Thr-Ala-Pro-Pro sequence near the N terminus of p6 causes a defect late in the budding process (22, 30) . As a consequence of such mutations, large numbers of immature particles are observed to be tethered to the plasma membrane and virus release is markedly impaired (22, 30) . In the case of the retargeted mutants analyzed here, however, the lack of p6 affected neither the apparent release of VLPs into intracellular vesicles nor subsequent core condensation (Fig. 1E) . These results indicate that virus assembly and maturation at intracellular vesicles does not require p6. Likewise, mutational inactivation of the env gene did not alter intracellular assembly (Fig. 1D) , indicating that this phenomenon is not influenced by Env glycoprotein expression. This is in contrast to the situation observed with the intracellular assembly carried out by the spumaretroviruses; in this system an ER retention signal in the cytoplasmic tail of the transmembrane Env protein reportedly promotes ER-directed virus budding (19, 20) .
Relationship between Gag membrane binding and targeting. The observation that the replication-defective phenotype of a mutant containing a substitution at MA residue 86 (86CS) could be reversed by a second-site change in the MA highly basic domain (46) suggested the existence of a functional relationship between the highly basic domain and amino acids 84 to 88 (see below). Consistent with this hypothesis, we demonstrate that mutations in the highly basic domain and between residues 84 and 88 induce similar phenotypes, i.e., reduced extracellular virus production due to retargeting of virus assembly to intracellular vesicles ( Fig. 3 and 4) . Based on the crystal and nuclear magnetic resonance structures of the nonmyristylated HIV-1 MA (28, 42) and in vitro membrane binding assays (70) it was proposed that the highly basic domain, along with basic amino acids in other regions of MA, forms a positively charged patch that promotes membrane binding of Gag through electrostatic interaction with acidic phospholipids in the inner leaflet of membranes (70) . Thus, it was of interest to determine whether membrane binding and plasma membrane targeting of Gag are interrelated functions of MA. For the mutants analyzed here, this is not the case; the 85YG mutant displays WT membrane binding properties despite the fact that its targeting is markedly affected. Moreover, the basic domain mutations all induce Gag retargeting, yet membrane binding is variably affected: the 18IK/20LK and 18IE/20LE mutations increase membrane binding, the 29KT/31KT mutant behaves like the WT Gag in flotation assays, and the 29KE/ 31KE changes decrease membrane binding. The 20LK mutation described previously (33) It has been suggested that Gag mutants containing large MA deletions might display an enhanced membrane binding ability as a result of increased exposure of the N-terminal myristate moiety (54) . This increase in membrane binding could potentially enable Gag to override its selectivity for the plasma membrane and cause a promiscuous binding of Gag to both intracellular and plasma membranes. This model clearly does not apply to the mutants analyzed here, since, as discussed above, we observed no direct correlation between effects on Gag membrane binding and targeting. In addition, the intracellular localization of mutant Pr55
Gag and the site of retargeted assembly were specific for the Golgi or post-Golgi vesicles. Localization of Gag to the ER was not detected, even though the ER membrane is the most abundant intracellular membrane (41) . These results are most consistent with the idea that the intracellular virus assembly observed with the MA mutants studied here is due not to promiscuous assembly but rather to a specific retargeting.
Possible mechanisms for targeting of virus assembly. Several mechanisms could explain the retargeting of MA mutant virus formation. (i) The substitutions reported here could disrupt a plasma membrane-targeting signal and reveal a weaker but preexisting Golgi-targeting signal. This model could be operative if WT Pr55
Gag is directly targeted to the plasma membrane after its synthesis or if it first binds an intracellular membrane prior to plasma membrane transport. It is unclear why HIV-1 Gag would have evolved a cryptic Golgi-targeting signal; however, it has been reported that in certain cell types (e.g., primary human macrophages) the Golgi or post-Golgi vesicles are the primary site of virus assembly (48) . Thus, a cryptic Golgi-targeting signal, revealed by these MA mutations, might be dominant in some cases of natural HIV-1 infection. (ii) The MA mutations described here could create a Golgi-targeting signal. This seems somewhat unlikely given the diversity of changes that lead to the retargeting phenotype. (iii) WT Pr55
Gag may bind a variety of intracellular membranes during its transport, but assembly may be suppressed until Gag reaches the plasma membrane. In this case, the MA mutations may alter the regulation of virus assembly, leading to premature assembly of VLPs in the Golgi. 35 S]Cys. Virions were pelleted by ultracentrifugation. Cell-and virion-associated material was immunoprecipitated with AIDS patient sera and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis followed by fluorography. The positions of the Env precursor gp160, the mature surface Env glycoprotein gp120, the Gag precursor Pr55
Gag , and p24 (CA) are shown.
Coexpression of WT Gag rescued both 29KE/31KE and 85YG mutant Gag into extracellular virus particles (Fig. 6) , indicating that the plasma membrane-targeting signal can be provided in trans. This result, which confirms a similar finding obtained with a MA basic domain deletion mutant (69), suggests that the WT and mutant Gag proteins share at least part of their transport pathways, allowing them to interact. In cells coexpressing WT and mutant Pr55
Gag , both Gag proteins may bind an intracellular membrane, oligomerize, and then traffic to the plasma membrane. Alternatively, these two species may oligomerize with each other in the cytosol and then traffic together to the plasma membrane. This latter possibility is consistent with reports indicating that HIV-1 Gag can form large, non-membrane-bound oligomeric complexes in virusexpressing cells (37, 38) .
Although WT Gag could efficiently rescue the retargeted mutants into virus particles, 85YG and 29KE/31KE could not complement each other (Fig. 6) . It has been reported that two Gag mutants which belong to different phenotypic groups can complement each other when coexpressed (29) . The lack of complementation observed here is consistent with mutations in the MA basic domain and between amino acid 84 and 88 affecting the same targeting signal. However, we cannot rule out the possibility that the 85YG and 29KE/31KE mutants may be unable to interact with each other, or that one may exert a trans-dominant-negative effect upon the other.
Structural data obtained for both simian immunodeficiency virus and HIV-1 MA (28, 42, 43, 53) suggest that MA amino acids 84 to 88 are in an ␣-helical domain located in the center of the tightly packed globular core of MA, whereas the highly basic domain is exposed on the surface of the molecule. Although it is not yet established that the currently available MA structures reflect the folding of the myristylated MA domain of Pr55
Gag , it is likely that the basic domain, rather than amino acids 84 to 88, is directly involved in plasma membrane targeting. Mutations between amino acids 84 and 88 may cause a conformational change which, in turn, may affect the function of the basic domain. Alternatively, mutations in the basic domain and MA amino acids 84 to 88 may affect a third domain which directly promotes Gag trafficking to the plasma membrane.
To understand the mechanism by which WT HIV-1 assembly occurs selectively at the plasma membrane, it is important to identify not only the targeting signal in Gag but also the element of the plasma membrane to which Gag is transported. It has been suggested that the basic residues of the highly basic domain may interact with acidic phospholipids on the inner leaflet of the plasma membrane (70) . However, we observed some retargeting even for a mutation which increased the positive charge of the basic domain (18IK/20LK) (Fig. 4) . Thus, although the putative interaction between basic amino acids and acidic phospholipids may promote membrane binding, it is unlikely to be responsible for the specificity of Gag targeting. Still, it is possible that a certain kind of lipid which specifically resides on the plasma membrane may interact with Gag to direct plasma membrane targeting. Plasma membrane microdomains, which consist of specific sets of lipids and proteins, have been the focus of much interest in recent years. One such microdomain, or raft, is rich in sphingolipids and cholesterol (3, 59) . Interestingly, the lipid bilayer of the HIV-1 envelope is reportedly enriched for cholesterol and sphingolipids relative to the host cell plasma membrane (2), raising the possibility that rafts or similar lipid microdomains might be involved in HIV-1 assembly. A proteinaceous Gag receptor could also provide a site on the plasma membrane to which Gag is targeted.
We and others have observed that WT retroviral Gag proteins display a punctate staining pattern on the surface of Gag-expressing cells ( Fig. 2 and 4) (27, 31, 57) . These sites of intense Gag localization presumably represent active centers of virus assembly. Characterization of such sites will provide additional insights into the mechanism of Gag trafficking and virus assembly. Gag detected by Western blotting is shown. In panel B, the percentage of total Pr55
Gag that is membrane bound is indicated on the right. Gag is shown.
